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HIGHLIGHTS 


•  Nanocomposites  for  lithium  ion  batteries  are  prepared  via  a  sputtering  deposition  method. 

•  The  nanocomposites  consist  of  amorphous  Ge  and  TiN  phases. 

•  The  Ge-TiN  nanocomposites  demonstrate  relatively  high  reversible  capacities. 

•  The  Ge-TiN  nanocomposites  show  good  capacity  retention  ratios. 

•  The  Ge— TiN  nanocomposites  show  excellent  high  rate  cycling  performance. 
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In  order  to  overcome  the  pulverization  problem  of  Ge-based  anode  materials  with  high  capacity,  we  use 
the  co-sputtering  deposition  method  to  prepare  thin  film  nanocomposites  (Ge-TiN),  containing  amor¬ 
phous  Ge  and  TiN,  as  an  anode  for  use  in  high-performance  LIBs.  Compilation  of  the  data  from  XRD, 
Raman,  and  TEM  suggests  that  the  nanocomposites  consist  of  amorphous  Ge  and  TiN  phases  in  the 
presence  of  phase  separation.  From  the  XPS  and  EDX  data,  the  nanocomposites  show  homogeneous 
distribution  of  Ge  and  TiN  both  on  the  surface  and  in  the  bulk  of  the  electrodes.  In  the  active— inactive 
composite,  Ge  acts  as  a  reactant  during  the  lithiation  process,  forming  LixGe,  which  is  surrounded  by  an 
inactive  TiN  matrix.  The  Ge— TiN  nanocomposites  demonstrate  relatively  high  reversible  capacities,  and 
show  good  capacity  retention  ratios  and  excellent  high  rate  cycling  performance  even  at  a  high  current 
rate. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs)  are  attractive  portable  electro¬ 
chemical  power  sources  due  to  their  high  cell  voltage,  high  energy 
density,  and  excellent  cycle  life.  The  traditional  graphite  anode  of 
LIBs,  with  a  theoretical  specific  capacity  of  372  mAh  g-1,  exhibits 
chemical  stability,  low  irreversible  capacity  loss,  and  low  cost  1-3]. 
However,  group  IV  materials,  such  as  Si  and  Ge,  have  recently 
attracted  a  lot  of  attention  for  high  capacity  applications,  as  they 
can  accommodate  as  much  as  4.4Li+  per  formula  unit  [4-6], 
exhibiting  high  theoretical  capacities  of  -4130  mAh  g-1  (Si)  [7,8] 
and  -1624  mAh  g-1  (Ge)  [9-11  .  Compared  to  Si-based  elec¬ 
trodes,  Ge-based  materials  show  more  promise  due  to  their  higher 
Li  diffusivity  for  high-power  rate  anodes,  and  excellent  electrical 
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conductivity  conferred  by  the  smaller  band  gap  of  0.6  V  12,13]. 
During  the  insertion/desertion  process,  Ge  undergoes  lithium 
alloying/dealloying  reactions:  Ge  +  4.4Li+  +  4.4e~  =  LL^Ge  [14]. 
Unfortunately,  this  process  can  induce  volume  changes  of  up  to 
400%,  resulting  in  mechanical  stress  which  can  cause  cracking  and 
pulverization  of  the  Ge  electrodes,  leading  to  capacity  fading  and 
poor  cycle  life  [2,3,12  . 

Much  effort  has  been  made  to  minimize  such  volume  strain 
during  charge  and  discharge  [9-11,15-20  ,  in  order  to  preserve  the 
electrical  pathways  and  to  improve  cyclability  [21-25].  Huggins 
and  co-workers  first  proposed  the  use  of  active-inactive  compos¬ 
ites  as  a  mixed-conductor  matrix  concept  to  overcome  pulveriza¬ 
tion  of  the  anode  materials,  which  electrically  isolates  the  active 
particles  from  the  current  collector  [26].  The  inactive  phase  can 
prevent  aggregation  of  the  particles  and  act  as  an  electrically  con¬ 
necting  medium  between  the  anode  particles  and  the  current  col¬ 
lector  [11,15,16,27  .  Titanium  nitride  (TiN)  is  well-known  for  its 
excellent  chemical  resistance,  superior  electrical  conductivity,  and 
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good  adhesion  with  most  materials  [28-30].  Therefore,  in  this 
work,  thin  film  nanocomposites  containing  amorphous  Ge  and  TiN 
(Ge-TiN)  were  prepared  by  the  radio  frequency  (RF)  magnetron 
sputtering  method  for  use  as  an  anode  for  high-performance  LIBs. 
In  the  active-inactive  composite,  consisting  of  Ge  and  TiN,  the  Ge 
acts  as  a  reactant  during  the  lithiation  process  to  form  LixGe,  which 
is  surrounded  by  the  TiN  inactive  matrix.  The  TiN  in  the  composite 
electrode  may  not  alloy  with  lithium,  serving  as  an  inactive  matrix 
to  support  the  intergrain  electronic  contact  in  the  material.  The 
Ge-TiN  nanocomposite  delivered  a  high  reversible  capacity,  and 
demonstrated  good  capacity  retention  after  cycling,  and  high 
reversible  capacity  even  at  high  C  rate  discharging. 

2.  Experimental 

Ge-TiN  nanocomposite  electrodes  were  grown  using  an  RF 
magnetron  co-sputtering  system  with  a  dual  sputtering-gun.  Pure 
Ge  (99.999%,  LTS  Chemical)  and  TiN  (99.9%,  LTS  Chemical)  were 
used  as  the  target  materials  [31,32  .  Si  (100)  and  Cu  foil  were  used 
as  substrates  to  characterize  the  structural  and  electrochemical 
properties,  respectively.  In  order  to  fabricate  optimized  Ge-TiN 
electrodes,  the  co-sputtering  deposition  was  performed  with 
varying  RF  powers  (Ge  =  40  W,  TiN  =  40,  60,  and  80  W)  under  Ar 
gas  flowed  at  30  SCCM  at  room  temperature  for  30  min.  The  base 
pressure  was  less  than  5  x  10-6  torr,  and  the  working  pressure  was 
1.1  x  1CT2  torr.  The  sputtering  process  was  carried  out  with 
continuous  rotation  to  obtain  uniform  thin  films  [33  .  The  average 
loading  amount  of  active  materials  for  all  electrodes  was 
~75  fig  cm-2. 

The  morphology  of  the  samples  was  characterized  by  FE-TEM 
and  HAADF-STEM  using  a  Tecnai  G2  F30  system  operating  at 
300  kV.  EDX  analysis  of  the  samples  was  also  performed  on  the 
Tecnai  system  using  a  field  emission  gun  (FEG)  analytical  electron 
microscope,  equipped  with  a  Gatan  image  filter  and  operated  at 
300  kV.  Calculations  for  quantitative  STEM-EDX  mapping  and  line 
scans  were  conducted  offline  using  ES  Vision  v4.0.172.  The  sample 
holder  was  tilted  by  30°  with  respect  to  the  electron  beam  to 
optimize  the  fluorescence  detection.  Different  dwell  times  were 
tested  in  order  to  find  an  optimum  value  (4  s  per  point)  which 
avoided  beam  damage  while  still  providing  reasonable  counting 
statistics.  The  spatial  resolution  was  given  by  the  3  nm  diameter  of 
the  electron  beam.  TEM  samples  were  prepared  by  sputtering  the 
nanocomposites  on  a  carbon-coated  copper  grid  substrate.  The 
thickness  of  the  samples  was  measured  using  a  field  emission 
scanning  electron  microscopy  (FE-SEM  JSM-6700F,  Eindhoven, 
Netherland). 

For  structure  analysis  of  the  electrodes,  XRD  (D2  PHASER, 
Bruker  AXS)  analysis  was  carried  out  using  a  Bruker  X-ray  diffrac¬ 
tometer  with  a  Cu  Ka  (A  =  0.15418  nm)  source  and  a  Ni  filter.  The 
source  was  operated  at  30  kV  and  10  mA.  The  20  angular  scan  was 
performed  from  10°  to  80°  at  a  scan  rate  of  0.5°  min-1.  Raman 
spectra  were  recorded  on  a  high  resolution  Mirco-Raman  spec¬ 
trometer  (LabRam  Aramis,  Horriba  Jovin  Yvon)  using  an  Ar  ion  laser 
with  A  =  532.8  nm.  XPS  (XPS,  Thermo  VG,  U.K.)  analysis  was  carried 
out  with  an  Al  I<a  X-ray  source  of  1486.6  eV  at  a  chamber  pressure 
below  1  x  10-8  Torr  and  a  beam  power  of  200  W.  All  high  resolution 
spectra  were  collected  using  pass  energy  of  46.95  eV.  The  step  size 
and  time  per  step  were  set  at  0.025  eV  and  100  ms,  respectively. 
Both  ends  of  the  baseline  were  set  sufficiently  far  apart  so  as  not  to 
distort  the  shape  of  the  spectra,  including  the  tails.  Small  variation 
in  the  range  of  the  baseline  did  not  affect  the  relative  amount  of 
fitted  species  (less  than  1%).  The  C  Is  electron  binding  energy  was 
referenced  at  284.6  eV,  and  a  nonlinear  least-squares  curve-fitting 
program  was  employed  with  a  Gaussian-Lorentzian  production 
function. 


To  assemble  lithium  coin  cells  for  testing  (size  2032,  Hohsen 
Corporation),  the  Ge-TiN  nanocomposite  electrodes  produced 
were  used  as  the  working  electrode,  and  were  evaluated  with 
respect  to  lithium  foil  (FMC  Corporation)  as  the  counter  electrode. 
The  electrodes,  with  an  area  of  1.32  cm2,  were  dried  at  70  °C  in  a 
vacuum  oven.  The  coin  cells  were  assembled  inside  an  argon-filled 
glove  box  (<5  ppm,  H2O  and  O2).  The  electrodes  of  the  cells  were 
separated  by  a  porous  polypropylene  membrane  (Celgard  2400) 
and  an  electrolyte  solution  consisting  of  1.1  M  LiPF6  in  (ethylene 
carbonate:dimethyl  carbonate)  =  (1:1)  as  a  solvent  mixture 
(Soulbrain  Co.,  Ltd.).  After  assembly  into  coin  cells,  char¬ 
ge-discharge  cycling  was  performed  on  a  multichannel  battery 
tester  (WBCS300L,  Wonatech  Co.).  The  coin  cells  were  cycled  be¬ 
tween  0.01  and  3.0  V  vs.  Li/Li+  at  various  currents  with  a  rest  period 
for  30  min  between  charge  (galvanostatic  and  potentiostatic 
mode)/discharge  (galvanostatic  mode)  at  25  °C. 

3.  Results  and  discussion 

Fig.  1  shows  a  schematic  illustration  of  the  fabrication  of  the 
nanocomposite  electrodes  on  a  Cu-foil  substrate  via  a  co-sputtering 
deposition  system  using  two  sputtering  guns  of  Ge  and  TiN.  The  Ge- 
TiN  electrodes  (denoted  as  GT-0,  GT-40,  GT-60,  and  GT-80)  were 
deposited  with  varying  RF  powers  of  the  TiN  target,  at  0, 40,  60,  and 
80  W,  and  a  fixed  40  W  for  the  Ge  target  [31-34  .  Fig.  2(a)  shows 
the  XRD  patterns  of  the  various  nanocomposite  electrodes  sput¬ 
tered  at  room  temperature.  Peaks  for  Ge  and  TiN  did  not  appear, 
indicating  formation  of  the  amorphous  phases,  except  for  XRD 
peaks  at  43.15°,  50.25°,  and  73.95°  which  corresponded  to  (111), 
(200),  and  (220)  of  a  face-centered  cubic  structure  of  Cu  (JCPDS  03- 
1005)  as  a  current  collector.  It  was  reported  that  the  utilization  of 
electrodes  with  amorphous  structure  could  lead  to  homogeneous 
volume  expansions,  resulting  in  improved  cycling  performance 
[34-38].  The  Raman  spectra  of  GT-0,  GT-40,  GT-60,  and  GT-80  were 
obtained  using  an  excitation  wavelength  of  532.8  nm,  as  indicated 
in  Fig.  2(b),  in  which  the  characteristic  peaks  of  amorphous  Ge  and 
TiN  were  observed.  The  Raman  spectra  were  dominated  by  broad 
bands  at  274  and  514  cm'1  [15,33],  corresponding  to  the  amor¬ 
phous  Ge-Ge  and  TiN-TiN  phonon  modes,  respectively.  A  band  at 
303  cm-1,  associated  with  crystalline  Ge,  was  not  detected,  nor  was 
the  Ge-TiN  phonon  mode  related  with  alloy  formation  [10,16  .  This 
demonstrates  the  phase  separation  between  Ge  and  TiN  in  the 
nanocomposites  formed  by  the  co-sputtering  deposition  method  at 
room  temperature.  Compiling  the  data  from  XRD  and  Raman,  it  can 
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Fig.  1.  A  schematic  illustration  of  the  fabrication  of  nanocomposites  via  a  co-sputtering 
deposition  system  with  two  sputtering  targets  of  Ge  and  TiN. 
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Fig.  2.  (a)  XRD  patterns  and  (b)  Raman  spectra  of  the  as-prepared  nanocomposites. 
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Fig.  3.  (a)  Wide  scan,  (b)  Ge  3d,  (c)  Ge  2p,  (d)  Ti  2p,  and  (e)  N  Is  XPS  peaks  of  the  as-prepared  nanocomposites. 
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be  inferred  that  the  nanocomposites  consisted  of  amorphous  Ge 
and  TiN  phases  in  the  presence  of  phase  separation. 

Fig.  3  shows  wide  and  fine  scan  XPS  spectra  of  the  samples.  The 
Ge  3d  peaks  for  the  nanocomposites  contained  Ge4+  at  33.2  eV,  as 
well  as  Ge°  at  29.5  eV  (Fig.  3(b)).  The  Ge  2p3/2  peaks  consisted  of 
Ge4+  and  Ge°  at  1220.6  eV  and  1218.0  eV,  respectively  (Fig.  3(c)) 
[39,40].  In  particular,  the  existence  of  Ge4+  might  result  from  nat¬ 
ural  surface  oxidation  of  Ge  in  an  air  atmosphere  after  the  sput¬ 
tering  process.  The  Ti  2pi/2  and  2p3/2  spectra  for  GT-40,  GT-60,  and 
GT-80  appeared  at  459.5  and  455.0  eV,  respectively.  In  addition,  GT- 
40,  GT-60,  and  GT-80  exhibited  XPS  peaks  associated  with  N-0 
(399.6  eV)  and  N-Ti  (396.7  eV)  [20,36].  The  XPS  spectra  revealed 
the  elemental  compositions  of  Ge  and  TiN  in  the  nanocomposites  to 
be  as  follows:  96.12  at%  Ge  and  3.87  at%  TiN  in  GT-40;  90.75  at%  Ge 
and  9.25  at%  TiN  in  GT-60;  and  88.48  at%  Ge  and  11.52  at%  TiN  in  GT- 
60. 

Fig.  4  shows  TEM  images  of  the  as-prepared  GT-0,  GT-40,  GT-60, 
and  GT-80,  made  by  controlling  the  power  ratio  of  the  sputtering 
gun  for  Ge  and  the  TiN  target  in  the  RF  magnetron  sputtering 
system.  In  the  TEM  images,  the  size  of  the  nanocomposites  seemed 
to  increase  with  an  increasing  sputtering  power  ratio  of  the  TiN 
target.  However,  the  fast  Fourier  transform  (FFT)  patterns  of  the 
samples  confirmed  the  formation  of  amorphous  Ge  phases  (insets 
of  Fig.  4(e)— (h)).  According  to  the  EDX  data  (Fig.  5),  the  elemental 
compositions  of  Ge  and  TiN  in  the  nanocomposites  were  as  follows: 
96.06  at%  Ge  and  3.94  at%  TiN  in  GT-40;  91.80  at%  Ge  and  8.20  at% 
TiN  in  GT-60;  and  88.22  at%  Ge  and  11.78  at%  TiN  in  GT-80.  Table  1 
displays  the  relative  atomic  ratios  of  Ge  and  TiN  for  the  samples,  as 
determined  by  the  XPS  and  EDX  data.  This  demonstrates  that  with 
increasing  power  of  the  TiN  target,  from  40  to  80  W,  the  relative 
elemental  compositions  of  TiN  in  the  nanocomposite  samples  also 
increased.  By  comparing  the  XPS  and  EDX  data,  it  can  be  concluded 
that  the  nanocomposites  showed  homogeneous  distribution  of  Ge 
and  TiN  on  the  surface  and  in  the  bulk  of  the  electrodes.  Fig.  6 
shows  TEM  images  and  the  line  profiles  of  the  as-prepared  GT-0, 
GT-40,  GT-60,  and  GT-80.  The  elemental  line  profiles  were  acquired 
along  the  sample  spectrum  images  of  the  overall  structure.  With 
increasing  power  of  the  TiN  target,  the  relative  count  numbers  of 
the  TiN  phase  increased,  demonstrating  increased  chemical 


composition  of  the  TiN  phase  in  the  samples  (Fig.  6(e)— (h)).  The 
interesting  configuration  of  the  Ge-TiN  nanostructure  electrodes  is 
the  phase  separation  between  metallic  Ge  and  TiN  without  a  solid 
solution.  It  has  been  reported  that  Ge  has  a  higher  surface  energy 
(1060-1300  mj  m-2)  than  TiN  (63.2  mj  m-2)  [41,42  .  Since  the 
surface  energy  can  determine  whether  one  material  wets  another, 
it  can  be  expected  that  during  the  deposition  process  in  the  sput¬ 
tering  system,  the  high-surface-energy  Ge  may  tend  to  form 
nanophases  surrounded  by  the  low-surface-energy  TiN.  In  other 
words,  it  is  inferred  that  nanosized  Ge  is  spontaneously  formed 
with  TiN  due  to  the  differences  of  surface  energy  between  the  two. 
Accordingly,  the  as-deposited  electrodes  exhibited  a  nano¬ 
composite  structure  consisting  of  Ge  and  TiN.  In  the  nano¬ 
composites,  the  Ge  nanophases  were  surrounded  by  the  TiN, 
forming  a  clear  interface  between  the  two.  The  anode  layers  of  the 
GT-0,  GT-40,  GT-60,  and  GT-80  thin  films  were  180.9,  170.6,  163.1, 
and  152.8  nm  thick,  respectively  (The  cross-sectional  FE-SEM  im¬ 
ages  of  Fig.  7).  With  increasing  power  of  the  TiN  target,  the  thick¬ 
ness  of  the  as-prepared  electrodes  decreased.  In  the  sputtering 
process  of  one  component,  the  thickness  of  the  sputtered  electrode 
general  increases  due  to  the  shadowing  effect  with  increasing  po¬ 
wer  in  the  sputtering  system.  However,  Karabacak  and  co-workers 
reported  that  in  the  co-sputtering  system  with  two  components 
having  different  surface  energies,  the  thickness  of  the  sputtered 
electrodes  might  not  increase  with  increasing  sputtering  power 
due  to  a  competition  between  shadowing  effect  of  high-surface- 
energy  material  (Ge)  and  re-emission  of  low-surface-energy  ma¬ 
terial  (TiN)  [43  . 

Fig.  8  shows  the  voltage  profiles  of  the  as-prepared  anodes  in 
the  1st  and  2nd  cycles  between  3.0  and  0  V  at  a  current  density  of 
1  A  g_1  in  coin-type  half-cells.  The  1st  discharge  capacities  of  the 
GT-0,  GT-40,  GT-60,  and  GT-80  electrodes  were  1536.67,  1445.96, 
1242.01,  and  1154.82  mAh  g-1,  respectively.  The  capacity  retention 
ratios  (100th/2nd  cycle)  the  GT-0,  GT-40,  GT-60,  and  GT-80  elec¬ 
trodes  were  40.02%,  58.05%,  43.61%,  and  42.88%,  respectively.  All 
the  nanocomposites  exhibited  relatively  low  1st  capacities  and  high 
capacity  retention  ratios  compared  to  GT-0.  All  the  nanocomposites 
exhibited  low  1st  capacities  and  high  capacity  retentions  compared 
to  GT-0.  However,  as  the  amount  of  TiN  in  the  nanocomposite 


Fig.  4.  FE-TEM  and  high-resolution  images,  respectively,  of  the  as-prepared  GT-0  (a,  e),  GT-40  (b,  f),  GT-60  (c,  g),  and  GT-80  (d,  h).  The  insets  indicate  the  FFT  patterns  of  the  samples. 
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Fig.  5.  EDX  spectra  of  the  as-prepared  GT-0  (a),  GT-40  (b),  GT-60  (c),  and  GT-80  (d). 


anodes  increased,  the  reversible  discharge  capacity  steadily 
decreased.  It  has  been  reported  that  the  use  of  TiN  as  an  anode 
material  exhibits  a  reversible  discharge  capacity  of  120  mAh  g_1 
[28,29].  However,  the  sputtered  TiN  in  the  GT-40,  GT-60,  and  GT-80 


Table  1 

Relative  atomic  ratio  of  Ge  and  TiN  for  the  as-prepared  samples  determined  by  the 
XPS  and  EDX  analysis. 


Samples 

XPS 

EDX 

Ge  (at%) 

TiN  (at%) 

Ge  (at%) 

TiN  (at%) 

GT-0 

100 

0 

100 

0 

GT-40 

96.12 

3.87 

96.06 

3.94 

GT-60 

90.75 

9.25 

91.80 

8.20 

GT-80 

88.48 

11.51 

88.22 

11.78 

nanocomposites  can  be  considered  as  an  inactive  matrix  due  to  the 
relatively  small  portion  in  the  electrodes  and  the  high  current  rate 
operation. 

In  order  to  confirm  the  voltage  range  for  the  lithiation  reaction 
in  the  anodes,  the  differential  discharge  capacity  plots  were  ob¬ 
tained  at  a  current  density  of  1  A  g-1  for  the  as-prepared  anodes 
containing  different  amounts  of  TiN,  as  shown  in  Fig.  9.  The  dif¬ 
ferential  analysis  curves  were  measured  between  3.0  and  0  V  by 
simultaneously  obtaining  voltage  profiles  of  Figs.  8  and  10.  How¬ 
ever,  the  characteristic  reduction  peaks  related  to  Li  and  Ge 
appeared  between  1.1  and  0.01  in  the  differential  discharge  ca¬ 
pacity  curves.  The  voltage  plot  of  the  lithiation  process  between  Li 
and  Ge  exhibited  multiple  peaks  for  GT-0,  corresponding  to  Li22Ge5 
and  Lii5Ge4  at  0.1 -0.3  V  and  LiyGe2  at  0.3-0.5  V,  which  are 
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Fig.  6.  TEM  images  and  line  profiles,  respectively,  of  the  as-prepared  GT-0  (a,  e),  GT-40  (b,  f),  GT-60  (c,  g),  and  GT-80  (d,  h). 


consistent  with  the  reported  values  [23,31,44  .  GT-40  also  displayed 
differential  discharge  peaks  identical  to  those  of  GT-0.  On  the  other 
hand,  in  the  case  of  GT-60  and  GT-80,  the  peaks  at  0.1 -0.3  and 
0.3-0.5  V  became  broader  after  20  cycles,  indicating  suppression  of 
lithiation  process.  This  implies  that  including  over  a  certain  amount 
of  TiN  in  the  nanocomposite  anodes  could  prevent  the  lithiation  of 
Ge,  thus  leading  to  decreased  discharge  capacity. 

The  cycling  performance  of  the  nanocomposite  anodes  for  100 
cycles  at  a  current  rate  of  1  A  g-1  was  presented  in  Fig.  10.  The 
discharge  specific  capacities  of  GT-0,  GT-40,  GT-60,  and  GT-80  after 
100  cycles  were  599.68,  757.85,  491.04,  and  449.73  mAh  g-1, 
respectively  (Fig.  10(a)).  Furthermore,  the  coulombic  efficiencies  of 
GT-0,  GT-40,  GT-60,  and  GT-80  after  100  cycles  were  97.5,  98.7,  98.5, 


and  98.4%,  respectively  (Fig.  SI).  Their  capacity  retentions  were 
40.02, 58.05, 43.61,  and  42.88%,  respectively.  Plots  of  the  volumetric 
capacity  vs.  cycle  number  were  presented  in  Fig.  10(b).  GT- 
0  exhibited  relatively  rapid  capacity  fading,  due  to  pulverization 
of  the  anode  as  a  result  of  the  volume  change  during  lithiation / 
delithiation.  It  is  notable  that  GT-40  showed  considerable 
improvement  in  terms  of  both  cyclability  and  specific  capacity 
retention.  To  further  evaluate  and  compare  the  high  rate  perfor¬ 
mance  of  the  anodes,  the  discharge  current  rate  was  increased 
stepwise  from  1  to  20  A  g-1,  as  shown  in  Fig.  11(a).  With  increasing 
discharge  rate,  the  specific  discharge  capacities  and  efficiencies  of 
the  TiN-containing  nanocomposite  anodes  were  higher  than  GT- 
0  over  the  entire  discharge  range  (Fig.  S2).  Especially,  on  the  basis 
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Fig.  7.  Cross-sectional  SEM  images  of  the  as-prepared  GT-0  (a),  GT-40  (b),  GT-60  (c),  and  GT-80  (d). 


of  the  discharge  capacities  at  1  A  g_1,  the  nanocomposite  anodes 
showed  improved  relative  retention  of  the  discharge  capacity, 
indicating  an  excellent  high  rate  cycling  performance  (Fig.  11(b)). 

4.  Conclusions 

We  prepared  amorphous  Ge  and  TiN-containing  thin  film 
nanocomposites  by  a  co-sputtering  method  for  use  as  an  anode  in 


high-performance  LIBs.  The  nanocomposites  consisted  of  amor¬ 
phous  Ge  and  TiN  phases  with  phase  separation,  and  showed  ho¬ 
mogeneous  distribution  of  Ge  and  TiN  both  on  the  surface  and  in 
the  bulk  of  the  electrodes.  The  Ge-TiN  nanocomposites  exhibited 
high  reversible  capacity,  good  capacity  retention,  and  excellent 
high  rate  cycling  performance.  The  improved  performance  of  GT- 
40,  having  an  optimized  amount  of  TiN  as  an  inactive  matrix  in 
the  LIBs,  may  be  due  to  the  facilitation  of  Ge  lithiation  and  the 


Fig.  8.  Voltage  profiles  of  GT-0  (a),  GT-40  (b),  GT-60  (c),  and  GT-80  (d)  in  coin-type  half-cells  for  the  1st,  2nd,  5th,  10th,  and  20th  cycles  between  3.0  and  0  V,  at  a  current  density  of 
1  A  g  \ 


Voltage  (V  vs  Li/Li+) 


Voltage  (V  vs.  Li/Li+) 


Voltage  (V  vs.  Li/Li+) 


Voltage  (V  vs.  Li/Li+) 


Fig.  9.  Differential  discharge  capacity  plots  of  GT-0  (a),  GT-40  (b),  GT-60  (c),  and  GT-80  (d),  containing  different  amounts  of  TiN,  at  a  current  density  of  1  A  g  \ 
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Fig.  10.  (a)  Specific  capacity  and  (b)  volumetric  capacity  versus  cycle  number  of  the 
nanocomposite  anodes  for  100  cycles  at  a  current  rate  of  1  A  g  \ 


Fig.  11.  (a)  High  rate  cycling  performance  and  (b)  capacity  retention  ratio  of  the 
nanocomposite  anodes  from  1  to  20  A  g-1. 
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prevention  of  pulverization,  which  can  occur  as  a  result  of  volume 
changes  during  lithiation/delithiation. 
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